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mation	 DNA	 metabarcoding	 could	 yield	 from	 36	 sea	 lion	 scats	 collected	 across	
1,500	km	of	 its	distribution	in	southwest	Western	Australia.	A	combination	of	PCR	
assays	were	designed	to	target	a	variety	of	potential	sea	lion	prey,	including	mammals,	












metabarcoding	 of	 scat	 as	 a	 noninvasive	 tool	 to	 more	 broadly	 define	 regional	
biodiversity.
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1  | INTRODUCTION







The	 Australian	 sea	 lion	 (Figure	1)	 is	 one	 of	 the	 rarest	 sea	 lion	
species	in	the	world	(Hesp	et	al.,	2012)	and	Australia’s	only	endemic	
pinniped	 species	 (Kirkwood	 &	 Goldsworthy,	 2013;	 Ling,	 1992).	 In	







Despite	 several	 dietary	 studies	 (Casper	 et	al.,	 2007;	Gales	&	Cheal,	
1992;	Kirkwood	&	Goldsworthy,	2013;	Ling,	1992;	Peters	et	al.,	2014),	
much	of	what	this	apex	predator	targets	remains	poorly	defined	due	























phological	 analysis	of	 scat	has	 several	 complications.	 Firstly,	 dietary	
identification	 relies	 heavily	 on	 the	 presence	 of	 prey	 remnants,	 and	
prey	that	is	relatively	undigested	may	be	over	represented	while	highly	
digested	prey	may	be	missed	 (Boyer	 et	al.,	 2015;	Brown,	Jarman,	&	
Symondson,	2012;	Shehzad,	McCarthy,	et	al.,	2012).	Therefore,	fleshy	





gastroliths	 found	 in	 the	 sea	 lions’	 stomach	 (McIntosh	 et	al.,	 2006).	
Gastroliths	 are	 large	 stones	 that	 can	 measure	 up	 to	 approximately	
7	cm	in	diameter	and	are	swallowed	by	sea	lions	as	ballast	(Kirkwood	
&	Goldsworthy,	 2013).	 Secondly,	 some	 potential	 prey	 species,	 such	
as	crustaceans,	are	morphologically	similar	to	one	another	(Radulovici,	






Recent	 advances	 in	 DNA	 sequencing	 (and	 analyzing)	 environ-
mental	 samples	 have	 enhanced	 the	 capacity	 to	 identify	 constitu-
ents	 of	 fecal	material	 (Pompanon	 et	al.,	 2012).	The	 use	 of	 standard	
DNA	 barcodes,	 PCR,	 and	 reference	 sequence	 databases	 facilitates	
the	 analysis	 of	 prey	 taxa	 (or	 their	DNA)	 that	 survive	 in	 fecal	mate-
rial.	 DNA	 metabarcoding	 approaches	 (employing	 next	 generation	







diets	of	both	 the	Australian	 (A. pusillus doriferus)	 and	 long-	nosed	 fur	

































reference	 sequences	 obtained	 from	 GenBank.	 For	 the	 Ceph	 16S	
assay,	27	16S	sequences	 from	different	Western	Australian	cepha-
lopods	were	 analyzed	 in	 silico	 to	 identify	 short	 conserved	 areas	of	
the	 target	 gene,	 which	 will	 amplify	 degraded	 DNA.	 Similarly,	 the	
Crust	 16S	 assay	was	 designed	 using	 13	16S	 crustacean	 sequences	
including	crayfish,	crab,	and	prawn	species.	All	newly	designed	prim-
ers	were	 tested	against	sea	 lion	sequences	 to	ensure	no	significant	
amplification	of	host	DNA.	To	determine	the	efficacy	of	the	assays,	
amplifications	were	optimized	on	 single-	source	 reference	 tissue	 in-
cluding	some	crustaceans,	a	cephalopod,	and	several	species	of	fish	
(Table	A2).
2.3 | DNA extraction and quantification
Scats	were	 subsampled	 (100–290	mg)	 and	 the	DNA	was	 extracted	
using	 the	 QIAmp	 Stool	 Mini	 Kit	 (Qiagen,	 CA,	 USA),	 following	 the	
manufacturer’s	instructions	but	using	an	overnight	digestion	at	55°C,	
0.5×	InhibitEX	tablet,	and	eluting	in	50	μl	of	AE	Buffer.	Extracts	were	
diluted	 (1/5	 and	 1/20)	 in	 order	 to	 assess	 assay	 response,	 and	 am-










under	 the	 following	 conditions:	95°C	 for	5	min,	 followed	by	50	cy-
cles	of	95°C	for	30	s,	54–58°C	for	30	s	 (the	annealing	 temperature	
















workflows	has	been	shown	previously	 to	benefit	 the	sensitivity,	 re-
producibility,	and	quality	of	metabarcoding	data	(Murray,	Coghlan,	&	
Bunce,	2015).
2.4 | Library build and sequencing
Fusion	tagged	primers	are	gene-	specific	primers	which	also	incorpo-
rate	MID	(Multiplex	IDentifier)	tags	of	six	to	eight	base	pairs	in	length,	
and	 the	 appropriate	 Illumina/454	 adaptor	 sequences.	 Unique	 com-
binations	of	 these	MID	 tags	were	 assigned	 to	 each	 individual	DNA	
extract	 to	allow	for	 the	assignment	of	sequences	 to	a	sample	post-
sequencing	of	pooled	 samples.	To	minimize	cross-	contamination	 (in	
highly	 sensitive	 NGS	 workflows),	 no	 primer-	MID	 combination	 had	




Agencourt™	 AMPure™	 (Beckman	 Coulter	 Genomics,	 MA,	 USA)	 XP	
Bead	PCR	Purification	kit	as	per	the	manufacturer’s	instructions,	with	
the	addition	of	a	five-	minute	incubation	prior	to	elution	at	room	tem-
perature.	 The	 size	 and	 concentration	 of	 amplicons	 were	 estimated	
by	electrophoresis	on	a	2%	agarose	gel	stained	with	GelRed	 (Fisher	













2.5 | Data filtering and bioinformatics
Sequences	were	assigned	 to	 samples	based	on	 their	MID	 tag	using	
Geneious	 v.R8	 (Kearse	 et	al.,	 2012).	 As	 a	 method	 for	 quality	 con-
trol,	only	amplicons	that	contained	a	100%	nucleotide	match	to	the	
MID,	 gene-	specific	 primer,	 and	 sequencing	 adapter	 regions	 were	
kept	 for	 further	analysis	 (the	number	of	 reads	passing	 this	 filter	 for	
each	 assay	 and	 per	 site	 is	 shown	 in	 Table	A4).	 Adaptor/primer	 re-
gions	were	removed,	and	the	remaining	amplicons	were	filtered	using	
USEARCH’s	 fastq	 filter	with	a	maximum	error	of	0.5	 (Edgar,	2010).	
The	sequences	were	then	separated	into	groups	of	unique	sequences	
(these	 data	 are	 available	 for	 download	 on	Data	Dryad,	 https://doi.
org/10.5061/dryad.rd748).	Groups	with	 sequence	numbers	 of	 <1%	
of	 the	 total	 number	 of	 unique	 sequences	 detected	 in	 the	 sample	
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passing	 quality	 filtering	were	 searched	 against	 the	National	 Center	
for	 Biotechnology	 Information’s	 (NCBI)	 GenBank	 nucleotide	 data-
base	(April	29	2015;	Benson	et	al.,	2015)	using	BLASTn	(Basic	Local	
Alignment	Search	Tool;	Altschul,	Gish,	Miller,	Myers,	&	Lipman,	1990)	
with	 the	default	 parameters	 and	 a	 reward	of	1.	BLAST	output	 files	
were	imported	into	MEGAN	(METaGenome	ANalyzer;	Huson,	Mitra,	









2.6 | Operational taxonomic unit analysis
The	operational	taxonomic	unit	(OTU)	analysis	was	performed	using	
USEARCH	 (Edgar,	 2010).	 Sequences	 were	 grouped	 into	 clusters	
(OTUs)	 using	 a	97%	 similarity	 threshold.	 The	process	 also	 removed	
any	chimeras,	as	well	as	clusters	with	a	sequence	abundance	below	
0.75%	of	the	total	number	of	unique	sequences	detected	within	the	




Despite	 the	 modest	 number	 of	 samples	 and	 sites,	 and	 the	 issues	
involving	 sampling	 times	 of	 the	 year,	 a	 statistical	 analysis	 was	 ex-
plored.	 Accordingly,	 a	 Jaccard	 dissimilarity	 index	 of	 the	 presence/
absence	 data	 was	 performed	 in	 R	 (R	 Core	 Team,	 2015)	 using	 the	
Vegan	(Oksanen	et	al.,	2016)	and	labdsv	(Indval;	Roberts,	2016)	pack-




(McLaughlin	&	 Sainani,	 2014)	was	 also	 undertaken	 to	 ascertain	 the	
contribution	of	each	site	to	the	differences	seen.	The	relationship	of	
sampling	sites	was	visualized	using	a	nonmetric	multidimensional	scal-
ing	 (nMDS).	 Finally,	 an	 estimate	 of	 indicator	 value	 (indval;	Dufrêne	
&	Legendre	 (1997))	was	 calculated	 to	determine	which	 taxa	 signifi-





primer	 bias,	 mitochondrial	 molarity,	 and	 lack	 of	 conversion	 factors	
(Deagle	et	al.,	2005;	Thomas,	Jarman,	Haman,	Trites,	&	Deagle,	2014).	
Accordingly,	analyses	were	restricted	to	the	presence/absence	data.
3  | RESULTS AND DISCUSSION
3.1 | Overview of the results
The	Mam	16S	assay	was	used	first	to	test	whether	the	scat	collected	
originated	 from	 an	Australian	 sea	 lion.	 The	 remainder	 of	 the	meta-
barcoding	 assays	were	 used	 to	 determine	 the	 prey	 diversity	 found	
within	the	sea	lion	scats	from	each	site.	The	taxa	found	belonged	to	
six	 classes	 (Figure	3)	 from	 three	phyla,	 representing	over	20	orders	
and	almost	40	families	of	prey.
The	Mam	16S	assay	confirmed	that	34	of	the	36	beach-	collected	
samples	originated	 from	Australian	 sea	 lions	 (100%	matches	 to	 ref-
erence	Neophoca cinerea	DNA	sequences),	many	of	these	were	 later	
confirmed	by	the	Plank	COI	assay.	Of	the	two	negative	samples,	one	














Overall	 the	 multigene	 metabarcoding	 generated	 in	 excess	 of	
1.2	million	 NGS	 reads,	 which	 were	 converted	 to	 the	 presence/ab-
sence	 data.	 These	 assays	 revealed	 (Figure	3)	 that	 while	 the	 major-




the	 largest	proportion	of	prey	 (~46%).	The	 least	common	taxa	were	




Kirkwood	 and	Goldsworthy	 (2013)	 identify	 cephalopods	 as	 the	 top	
four	 sea	 lion	 prey	 items,	 followed	 by	 sharks	 and	 rays,	 lobsters	 and	
finally	 four	 species	 of	 ray-	finned	 fishes.	 However,	 their	 study	 con-
centrates	 on	 sea	 lions	 from	 South	Australian	waters	where	 species	
composition	will	 differ	 to	 those	 in	 the	WA	 sites	 studied	 here.	 The	
Indian	 Ocean	 sites	 also	 contained	 11	 incidences	 of	 malacostracans	
(a	 class	 of	 crustaceans	 that	 includes	 crayfish	 and	 shrimp)	 and	 three	
of	gastropods	 (a	class	of	molluscs	which	contains	bivalves),	whereas	
these	taxa	were	absent	from	the	Southern	Ocean	sites.




3.2 | Sea lion diet—Fish detections
Fish	sequences	were	detected	using	both	the	Fish	16S	and	the	Plank	
COI	 assays.	 Together,	 the	 two	metabarcoding	 assays	 identified	 47	






















Houtman	Abrolhos	 and	 the	 Beagle	 Islands,	 but	were	 only	 detected	




selfish.	Fifteen	 taxa	 from	 this	order	were	detected	overall,	with	 the	
vast	majority	of	these	identified	from	the	Beagle	Islands	samples.	The	
likely	reason	for	this	is	that	while	Perciformes	are	found	in	all	areas	of	
southern	Western	Australia,	 the	majority	 of	 those	 species	 detected	
in	the	sea	lion	scat	are	mainly	found	in	the	Indian	Ocean.	An	example	
of	 this	 is	Pomacanthus semicirculatus,	which	has	only	been	 recorded	








Of	note	 is	 the	detection	of	eels	 (Anguilliformes)	as	prey,	by	both	
the	Fish	and	Plank	COI	assays.	The	species	detected	include	the	high-






are	 consumed	 by	 sea	 lions	 at	 Shoalwater	 Bay	 (Figure	4b).	 Each	 of	 the	

















examination	 of	 all	 the	 available	 genetic	 diversity	 in	 metabarcoding	
data	without	the	constraints	of	a	frequently	imprecise	(and	constantly	
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From	 autumn	 to	 early	 spring	 (April	 to	 October),	 the	 Leeuwin	
Current	 (LC)	 brings	warmer	waters	 than	would	 usually	 be	 found	 at	







the	oceans	 is	 likely	attributable	 to	 these	differences	 in	 the	habitats;	
although	 we	 cannot	 rule	 out	 that	 temporal	 differences	 have	 also	
contributed.
3.4 | Sea lion diet—Cephalopods and gastropods
Invertebrates,	especially	octopus,	squid,	and	cuttlefish,	are	thought	to	





or	 species	 level	 (Table	A7).	 However,	many	 of	 the	 octopus	 species	
nominally	 identified	 have	not	 previously	 been	described	 in	 the	 col-
lection	 area	 (those	 not	 known	 in	Australia	were	 assigned	 to	 higher	
taxa).	 This	may	be	because	 the	 S_Ceph	primer	 set	 target	 is	 a	 small	
amplicon	(~70	bp),	and	therefore,	one	erroneous	base,	coupled	with	
possible	low	interspecific	variation	at	this	locus,	could	result	in	erro-



















Of	 particular	 interest	 is	 the	 detection	 of	 the	 southern	 calamari	
squid	 (S. australis,	 order	Teuthida),	 an	 important	 commercial	 species	
in	Australia.	While	 this	 species	was	detected	 in	samples	across	 four	
of	 the	 five	 sites	 (Figure	5),	 it	was	detected	 in	 less	 than	a	quarter	of	
all	samples	(~18%),	and	in	these	samples,	this	was	not	the	only	prey	
revealed.	This	may	indicate	that	the	sea	lions	prefer	octopus	and	giant	
cuttlefish	 to	 calamari,	 or	 it	may	 suggest	 that	 the	 southern	 calamari	
squid	 is	 less	abundant	 in	 the	areas	sampled.	This	 latter	possibility	 is	
perhaps	more	likely,	as	the	occurrence	records	from	the	Atlas	of	Living	
Australia	 (2016)	 shows	 a	 decrease	 in	 the	 incidence	 of	 squid	 sight-
ings	west	of	the	border	with	South	Australia.	Furthermore,	in	a	South	
Australian	 sea	 lion	 study,	 Peters	 et	al.	 (2014)	 also	 documented	 that	
S. australis	is	common	prey.
The	number	of	gastropod	species	detected	was	limited	(Table	A7)	
and	 these	 taxa	 have,	 to	 our	 knowledge,	 not	 been	 identified	 previ-




















The	 site	 at	 Shoalwater	 Bay	 is	 close	 to	 Penguin	 Island,	which	 is	
home	 to	 a	 colony	 of	 little	 penguins	 (Eudyptula minor),	 a	 bird	 that	 is	
reported	 to	be	preyed	upon	by	 sea	 lions	 (McIntosh	et	al.,	 2006);	 as	
such,	all	samples	were	screened	using	the	Bird	12S	assay	(which	has	





















3.6 | Spatial differences in sea lion diet
The	nested	PERMANOVA	(adonis)	analysis	showed	that	taxa	preyed	

































Given	that	birds	and	crustacea	were	only	detected	 in	 the	 Indian	
Ocean,	it	may	have	been	expected	that	these	taxa	would	drive	differ-
ences	between	the	two	oceans.	However,	this	is	not	the	case;	in	the	
Indian	Ocean,	 it	 is	Octopus tetricus	 that	 is	 flagged	as	a	key	 indicator	




and	 Siganus),	 and	 a	 species	 of	Octopus.	 This	 is	 in	 keeping	with	 the	






sites.	Aulopidae	 are	 notable	 taxa	 at	 both	Recherche	 and	 Fitzgerald,	
which	is	unsurprising	as	it	was	flagged	as	key	indicator	for	differences	
found	between	the	two	oceans	(Figure	7).	In	Recherche	Archipelago,	
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species	such	as	eels,	gastropods,	and	the	frequency	of	sharks	and	rays	
in	the	diet.	Importantly,	metabarcoding	offers	a	different	method	al-





















Australian	 sea	 lion	between	oceans,	 sites,	 and	even	between	sam-
ples	supports	the	notion	that	Australian	sea	 lions	are	opportunistic	
feeders.	This	 bodes	well	 for	 the	 survival	 of	 this	 protected	 species,	
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Fecal	 samples	 were	 collected	 under	 a	 Department	 of	 Parks	 and	
Wildlife	(DPaW)	permit	(number	SF009371)	as	well	as	in	accordance	
with	 Victoria	 University’s,	 Melbourne	 ethics	 committee’s	 approval:	
AEETH24/11	and	AEC_2013_32	granted	by	Curtin	University,	Perth.	
Significant	 in	 field	 support	was	 provided	 by	 several	 volunteers	 and	
DPaw	staff.	This	work	was	supported	by	resources	provided	by	the	
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Metabarcoding assay and % match of query to reference
Crust (170 bp) Fish (200 bp) S_Ceph (70 bp) Ceph (200 bp)




Malacostraca Fenneropenaeus merguiensis 99–100
Portunus pelagicus 99–100
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TABLE  A4 Numbers	of	sequences	per	assay,	per	site;	“Unfiltered”	refers	to	sequences	that	have	been	100%	matched	to	the	sequence	
specific	primers,	the	MID	tags,	and	the	adaptor	sequence
Site Sequence type Ceph 16S S_Ceph 16S Fish 16S Plank COI Crust 16S
Houtman	Abrolhos Unfiltered 36225 114540 56420 30530 34167
Mean	unique 395	±	431 694	±	453 1487	±	367 324	±	138 622	±	504
Filtered	and	
assigned
33164 108929 42584 28499 30999
Mean	unique 55	±	16 95	±	13 34	±	25 65	±	25 34	±	12
Beagle	Islands Unfiltered 23183 147703 73954 42126 30913
Mean	unique 327	±	403 555	±	208 1685	±	479 309	±	126 898	±	518
Filtered	and	
assigned
19909 140073 53570 38603 25559
Mean	unique 35	±	14 88	±	23 25	±	4 77	±	32 47	±	21
Shoalwater	Bay Unfiltered 34613 146541 92175 52095 81945
Mean	unique 331	±	250 479	±	331 1385	±	745 259	±	148 862	±	266
Filtered	and	
assigned
29110 125647 50835 41130 41899
Mean	unique 46	±	19 81	±	22 26	±	18 43	±	18 51	±	8
Fitzgerald	River Unfiltered 7754 50363 94898 15122 0
Mean	unique 168	±	125 368	±	143 2301	±	742 198	±	113 0
Filtered	and	
assigned
3624 45758 57549 14045 0
Mean	unique 59	±	47 74	±	11 37	±	25 60	±	40 0
Recherche	Archipelago Unfiltered 332 55926 36321 20501 0
Mean	unique 50 534	±	124 1239	±	165 218	±	160 0
Filtered	and	
assigned
325 46432 27500 19472 0





Abrolhos (6) Beagle (8)
Shoalwater 
Bay (10) Fitzgerald (6)
Recherche 
Archipelago (5)
Number of samples producing results
Bird	12S 0 3 0 0 0
Ceph	16S 4 6 9 4 1
Crust	16S 3 3 5 0 0
Fish	16S 4 5 8 4 3
Mam	16S 6 8 10 6 5
Plank	COI 5 8 10 5 4



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































     |  5453BERRY Et al.
TABLE  A9 Fish	16S	OTU	sequence	abundance	per	site	and	per	ocean
OTU ID Abrolhos Beagle Shoalwater Fitzgerald Recherche Indian Ocean Southern Ocean
OTU_1 13,242 0 0 0 0 13,242 0
OTU_7 7,980 0 0 0 0 7,980 0
OTU_16 8,964 0 0 0 0 8,964 0
OTU_29 1,532 0 0 0 0 1,532 0
OTU_30 1,441 0 0 0 0 1,441 0
OTU_34 1,536 0 0 0 0 1,536 0
OTU_38 267 0 0 0 0 267 0
OTU_6 0 8,456 0 0 0 8,456 0
OTU_12 0 7,816 0 0 0 7,816 0
OTU_19 0 4,092 0 0 0 4,092 0
OTU_21 0 3,106 0 0 0 3,106 0
OTU_27 0 2,165 0 0 0 2,165 0
OTU_28 0 1,685 0 0 0 1,685 0
OTU_31 0 1,160 0 0 0 1,160 0
OTU_35 0 851 0 0 0 851 0
OTU_8 0 11,384 3,620 0 0 15,004 0
OTU_10 0 8,972 10,141 0 0 19,113 0
OTU_14 0 0 5,014 0 0 5,014 0
OTU_15 0 0 7,118 0 0 7,118 0
OTU_17 0 0 4,395 0 0 4,395 0
OTU_20 0 0 3,137 0 0 3,137 0
OTU_22 0 0 2,719 0 0 2,719 0
OTU_23 0 0 5,008 4 0 5,008 4
OTU_25 0 0 2,386 0 0 2,386 0
OTU_11 4,329 0 6,858 96 0 11,187 96
OTU_5 0 46 10,736 10,787 0 10,782 10,787
OTU_36 0 117 0 1,659 0 117 1,659
OTU_37 0 17 0 315 0 17 315
OTU_3 0 0 0 11,830 0 0 11,830
OTU_4 0 0 0 11,695 0 0 11,695
OTU_13 0 0 0 7,989 0 0 7,989
OTU_24 0 0 0 2,414 0 0 2,414
OTU_32 0 0 0 1,913 0 0 1,913
OTU_2 0 0 0 16,951 10,632 0 27,583
OTU_9 0 0 0 0 7,835 0 7,835
OTU_18 0 0 0 0 4,375 0 4,375
OTU_26 0 0 0 0 2,016 0 2,016
OTU_33 0 0 0 0 1,011 0 1,011
